We are grateful for the careful reading, the many comments and the suggested
analyses the reviewers provided for us. We have made extensive responses to these,
which has very substantially improved the reporting and expanded the description of the
results. We believe the end product is a greatly improved manuscript and are excited by
these changes, prompted by the review process. The revised paper has three additional
figures, one additional supporting figure, and now has one supporting video.

Reviewer 1

1.0

The authors provide a thorough analyses on sleep in 5 Budgerigars under light-dark conditions and under
constant light conditions. The results show that sleep in this bird species, like that of song birds and other
parrots, seems not that different from sleep in mammals. The authors put their results in an evolutionary
context.

Although impressed with the detailed analyses presented and several new aspects of sleep that were
discovered, the study remains a purely descriptive study in a very small number of individuals, partially
confirming a 30-year older sleep study performed in this same species. The study did not yield new
insights into the question concerning evolution of mammalian-like sleep features, as the separation and
alternation of clear REM sleep and NREM sleep states (the main sleep phenotype that has prompted
recording sleep in monotremes, basal bird, reptiles, and even fish), was already observed in the older
parrot studies.

We respectfully disagree with this characterization. The previous budgerigar study [1]
found 5% REM, 25% TST, did not describe an intermediate sleep stage, did not
describe any patterns in slow wave activity, and characterized the birds as polyphasic
sleepers. In contrast we observed 5x the amount of REM and 2x the amount of TST;
characterized a prevalent intermediate sleep stage as well as unihemispheric sleep;
found homeostatic-like and ultradian patterns in SWA, systematic ultradian variation in
the amount of REM, a consistent transition pattern between the sleep stages, two
ultradian rhythms, and a firmly diurnal (rather than polyphasic) sleep pattern. These are
significant advances over the older study. These data support the conclusion that
budgerigar sleep shares many similarities with mammalian (including human) sleep, the
opposite of the conclusion of the previous study. This motivates a re-evaluation of
budgerigar sleep from an evolutionary perspective. We also demonstrate that several of
the erroneous conclusions of the older study arose from technical limitations of that era
(requiring conducting the analysis under constant light conditions) which we could
address using infrared video observation.

In totality, these are significant departures from the conclusion of Ayala-Guerrero et al.,
and we note our findings fit into and expand a broader pattern of modern
reinterpretation of sleep in birds (and reptiles) that is emerging. We would also suggest
there remains uncertainty as to the sleep structure in basal birds and hence the
evolution of complex sleep in birds, given that somewhat conflicting results have been
reported in tinamous [2] and ratites [3], and with both these groups parts of a radiation



distinct from basal birds. We discuss this in the paper in relation to our results, helping
to provide more context for the evolution of sleep in birds.

We are also unclear in what sense our study is purely descriptive, given that we
described sleep in unmanipulated birds, formed a hypothesis as to why our results
differed from the prior study of budgerigars, and then conducted an experimental
manipulation to test that hypothesis. Resolving that discrepancy gives additional
confidence to our results.

Finally, our sample size is not small as compared with other studies. Reviewing 47
papers on bird sleep from 1964 to 2020, the mode number of subjects was n=5 (Table
1). Furthermore, our approach was labor intensive, requiring manual scoring of both the
video recordings and then the polysomnography data, prior to the signal processing and
statistical analysis. This limits the number of individuals evaluated but provided for a
deep analysis of the sleep structure of each one. Taking this approach, we achieved
reliable results supported by statistical analysis and a number of worthwhile novel
observations. By what objective criterion is the sample size "very small" relative to the
results that we report? Certainly, we acknowledge that a larger sample size would likely
have provided more power in the statistical tests to evaluate changes in sleep structure
comparing LD and LL birds (for example). That is the trade-off in our design, but it was
made knowingly to enhance the positive attributes described above. Most of the results
we observed would not have been possible with a less thorough analysis.

Table 1.
Reference Year Species Age N
[4] 2020 Starling Adult 12
[5] 2018 Pigeon Adult 6
[6] 2017 Barn owl Nestling (36-49 42
days)
[2] 2017 Tinamou Adult 3
[7] 2016 Frigatebird | Adult 9
[8] 2014 Quall Adult 8
[9] 2013 Barn owl Hatchling 66
[3] 2011 Ostrich Adult 6
[10] 2008 Zebra Adult 5
finch
[11] 2008 Pigeon Adult 5
[12] 2008 White- Adult 6
crowned
sparrow
[13] 2006 Pigeon Adult 5
[14] 2004 White- Adult 8
crowned
sparrow

[15] 2003 Turkey Adult 10



[16] 1996 Blackbird | Adult 5

[17] 1994 Pigeon Adult 7

[18] 1994 Mallard Adult 5

[18] 1994 Zebra Adult 6
finch

[19] 1993 Blackbird | 3 adult, 2 juveniles 5

[20] 1989 Rook Adult 9

[20] 1989 Magpie Adult 6

[1] 1989 Budgerigar | Adult 4

[21] 1988 Orange- Adult 5
fronted
parakeet

[22] 1988 dove Adult 5
Zenaida
asiatica

[23] 1988 Pigeon Adult 6

[24] 1987 Rook Adult 6

[25] 1987 Chicken Adult 5

[26] 1986 Emperor Adult 4
penguin

[27] 1986 Jackdaw Young adult 8

[28] 1986 Starling Adult 4

[29] 1985 Starling Adult (2 yrs old) 4

[30] 1985 Goose Adult 7

[31] 1984 Little Adult 5
penguin

[32] 1983 Ringneck | Adult 4
dove

[33] 1976 Chicken Day of hatching 210 7 per group

[34] 1975 Chicken 3-4 hrs, 8 hrs, and 4 in younger two

3-4 days posthatch groups; 3 in older
group
[35] 1974 Chicken 1 day to 4 months 1 day (n=3)
1 week (n=7)
1 month (n=4)
4 months (n=3)

[36] 1973 Tawny owl | Adult 2

[37] 1973 Chicken Adult 17

[38] 1973 Chicken 9 - 15 weeks 35

[39] 1972 Burrowing | Adult 4
owl

[40] 1972 Pigeon Adult 3

[41] 1972 Pigeon Adult 8

[42] 1970 Hawk Adult 1

[42] 1970 Falcon Adult 1

[43] 1969 Chicken 8-15 days 11




[44] 1966 Pigeon Adult 15

[45] 1965 Chicken 6-9 months (males) 15
and 8-10 months
(females)
[46] 1964 Chicken Adult 7
[47] 1964 Pigeon Adult (> 1 year) 3
[47] 1964 Chicken Juveniles (2-3 4
months)
[47] 1964 Chicken Chicks (0-3 weeks) 24
[47] 1964 Chicken Adult 1
1.1

The choice of recording this particular species is unclear. A bigger parrot species could have been
chosen allowing the use of wireless system as is now standard in bird sleep studies, which in an animal
that flies seems a great plus over a tethered system.

We chose to study budgerigars because they are a small and widely available species
of parrot that is relatively easy to care for in a lab setting, and as such are vastly by far
and away the most widely studied parrot species in psychology and neuroscience
[including but hardly limited to 48-67]. Thus, by choosing budgerigars our current results
are well positioned to maximize their impact on knowledge in the field. Indeed, given
that there are only two studies characterizing sleep in a parrot species [1,21] it would
have diluted the interpretation of our results had we chosen a third species to study, and
it would have diluted the insight we achieved as to reinterpreting the prior results.
Finally, given that many species of larger parrots are endangered and are highly
intelligent, we firmly believe it was both prudent and ethically responsible to have
started this research thrust with budgerigars. We or other laboratories are now better
informed as they decide if and how to extend this work to more precious animals.

We too applaud the use of miniature data loggers as reported for ostriches [3], barn
owls [9], frigatebirds [7], tinamous [2], pigeons [5] and starlings [4]. Most (or perhaps all)
of these studies arise from the Rattenborg group, and so it is an unsupported claim and,
in our opinion, inaccurate to state that this has become the standard in the field rather
than in one laboratory. Furthermore, like any technique the use of miniature data
loggers has strengths and limitations. These devices remain too large to be used in
budgerigars (and too large for the great number of small bird species). More
importantly, there is no objective evidence we are aware of that a tether approach as we
used here precludes achieving biologically meaningful results. This approach has been
a mainstay for perhaps 50-100 publications or more in birdsong production work. This
approach was successfully used by us in a prior study of zebra finch sleep [10]. In our
hands, with approximately 25 years of experience with this approach [see 68], once
birds carrying tethers adapt to the new environment, they exhibit normal sleep behavior
including occasional intervals of sleeping with beaks between the wings, which is an



excellent indicator of comfort. We have observed this in a number of species. Tethered
budgies occasionally showed such sleep postures, too.

1.2

Other comments concern the surprising lack of recording muscle tone which for mammalian sleep studies
would be inadmissible although the EOG and video recording leave no doubt on the sleep states
identified.

We agree that it would be unusual for a mammalian sleep study to omit EMG. However,
this is a relatively common practice in avian sleep studies due to the lack of consistent
muscle atonia/hypertonia during REM [4,7-10,12,14,15,18-20,31,35,36,40]. There are
several bird species that are possibly exceptions to this rule, e.g. ostriches [3], or partial
exceptions e.g. geese [30], but in avian studies where EMG has proven useful, it seems
to be primarily used to distinguish wake and REM, e.g. in situations where video
recording is not available [3,27,30,35]. Parrots, however, were not previously reported
to have REM hypertonia [1,21]. Our observations were consistent with this; while we
saw occasional head drooping, twitching, etc. during sleep in budgerigars, this was not
a sensitive marker of REM and could occur in other sleep states. Thus, we made a well-
reasoned decision supported by extensive prior studies to forgo EMG recordings.

We appreciate the comment of the reviewer and have added a section clarifying our
rationale for not collecting EMG (in Methods, ‘Surgery’) and have also expanded on our
observations of head drooping and twitching during sleep (in Results, ‘Characteristics of
budgerigar sleep’).

1.3

The large amounts of REM sleep observed were put into a context of learning but REM sleep is also
associated with stress that might be high in this highly social animal kept in isolation.

Most sleep studies, like ours, are conducted in isolation to avoid the addition of multiple
confounding variables e.g. differences in specific relationships between individuals,
interactions between individual sleep patterns (e.g., if one bird wakes up at night, this
will likely wake up the other bird). Indeed, isolation from conspecifics is nearly
ubiquitous in avian sleep studies. Importantly, this includes the two previous parrot
studies [1,21]. The birds in Ayala-Guerrero et al were isolated for 1 or 2 weeks before
recording, while ours were isolated for 9 - 15 days. Thus, an increase in stress from
isolation does not explain the differences between our results and those of Ayala-
Guerrero et al.

We attempted to mitigate the effects of social isolation by housing birds together until
shortly before surgery; providing mirrors, which provide some social stimulation to
budgerigars [69]; and opening sound box doors when not recording, allowing birds to



interact vocally. We thank the reviewer for this comment as well and have added these
details to the Methods (section ‘Animals’) of the paper.

1.4

Also the presence of 2x more REM sleep in one bird compared to the other 4 does not convince that the
REM sleep measured is a robust finding.

Respectfully, this is an inaccurate description of our results; perhaps the reviewer is
confusing the amount of REM sleep with the duration of REM sleep episodes, which
were about 2x higher for one bird. The amounts of REM in the five individual birds, in %
of TST across 24 hours from lowest to highest, were 16.2%, 20.4%, 25.4%, 32.0%, and
38.6%. The values are similarly distributed for REM at night only, or REM calculated as
a % of total recording time. The distribution of REM at night, during the day, and across
24 hours can be seen in Fig 2c and Fig2e-g; all these values will be available to readers
in the supplementary data, and prompted by the reviewer’s comment we now include a
subset of this individual bird data in Table 1. Thus, there was no bird with 2x the amount
of REM of the others. The other analyses reported in the paper help to convince that
this is a robust finding, including the spectral analysis, slow wave analysis, automated
detection of eye movements, and clustering analysis/automated scoring. We now also
report a correlation with nighttime REM% for the fast rhythm (Figure S3), giving further
confidence in the REM scoring.

Furthermore, the amount of inter-individual variation is consistent with other sleep
studies. Compare with Low et al [10], in which the % REM of the 5 zebra finches ranged
from 15.5% - 34.3%. In that paper, characteristics of REM such as duration of episodes
showed similar variation:
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In human sleep, considerable inter-individual variation is also apparent [e.g. 70]. This
including a range of % REM spanning an approximately 2x difference at any given age,
for example in this figure from a 2004 meta-analysis [71].
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Thus, the variation in budgerigars we observed is consistent with a broad range of sleep
research spanning many different animal species, and humans.

1.5
The authors equate SWS with SWA (slow wave activity) in the discussion. Although SWS and SWA are
related measures, they are not the same.

Minor point, we did not explicitly equate SWS with SWA, we discussed previous results
on SWA because they are consistent with our current results re. SWS. Nevertheless,
we agree with the thrust of the reviewer comment and have clarified the language
surrounding SWS and SWA in the discussion.

1.6

If the authors aimed at addressing homeostatic regulation of NREM sleep slow waves, why didn't they
quantify SWA in NREMS?

As part of the analyses in Figure 5a, we measured the average power in the delta band
for each epoch across the 24-hour day, which is equivalent to the SWA. We have
clarified this in the text of the Results. We have also added a figure showing patterns in
average hour-by-hour SWA across the 24-hour day (Figure 4d).

1.7
Related to this, since slow-wave content in NREM sleep is a continuum, what made the authors decide
that SWS and IS are two discrete states?

We agree that NREM contains a spectrum of SWA, with IS and SWS reflecting a
division of this spectrum into two parts. We have clarified the language in the discussion



to reflect this. Note that IS tends to be resistant to spectral manipulations that collapse
the distributions of SWS or REM (Figure 8).

The SWA in human NREM is likewise a continuum, but the distinction between N2 and
N3 is still used consistently, has lasted through several revision of the sleep staging
system [72,73], and has helped the field enormously. Given the presence of similar
NREM structure now shown in several species of birds, we believe that the IS/'SWS
distinction would similarly benefit the avian sleep literature. This classification helps to
highlight structure not traditionally focused on in the avian sleep literature (for example,
Figures 3a-d directly compare how sleep structure appears when NREM is separated
into IS and SWS and when it is not). It might contribute to identifying differences
between individuals. If more widely adapted, this classification could be used to
understand species differences, e.g. in meta-analyses [74]. More generally, separating
IS from SWS brings the animal research further in line with human research, allowing
comparisons and insights to more easily flow between the respective fields.



Reviewer 2

This is a very interesting and thorough study that adds new data to the story of sleep phylogeny. In
particular the finding of so much REM sleep in this bird species is quite fascinating. | only had a few
comments.

2.1

1. The authors discuss sleep homeostasis in this species, but its not clear if changes in delta wave (or
slow wave) activity (SWA)were measured across the 24 hour day. In mammals, EEG SWA is more finely
regulated by prior wake time than other sleep metrics (e.g. sleep time). Therefore it would be useful to
include this analyses.

We agree that measuring SWA over the 24-hour day would be useful, and so we have
added a figure showing the average SWA per hour (Figure 4d). As per the reviewer’s
suggestion, we have compared this to total sleep time per hour. Although not a direct
test (it was not a goal of our study), this result is consistent with the idea that prior wake
time is an important determinant of SWA; we have added a discussion of this in the text.

Figure 5a shows the total delta power in each epoch, for one representative bird, over a
night of sleep. We have clarified that this is equivalent to SWA in the text and the
labeling of the figure.

2.2

2. | have two points about the unihemispheric sleep. In figure 1, unihemispheric sleep looks more like IS
than SWS, but its not clear. Spectral analyses of this state could help in this regard, as is done in Figure
4.

We have added spectral analyses of the two hemispheres during unihemispheric sleep
(US; Figure S2b-c). This indeed supports the reviewer’s observation of Figure 1, in
which the sleeping hemisphere during US resembles IS. We have also expanded our
description of US scoring to clarify how it relates to our scoring of IS and SWS.

2.3

The other question is, was there ever unihemispheric REM sleep?

The prospect of unihemispheric REM is very interesting, but we did not see evidence for
it. Such a state, however, would be very difficult to distinguish from drowsiness with a
momentarily closed eye. A more specialized study, specifically designed to capture US,
would likely be needed to rule the possibility of uninemispheric REM in or out. As
discussed in the methods, we were limited in our ability to characterize US in these
birds given their mobility at night which often precluded observing both eyes
simultaneously. In conjunction with the similarity of US to drowsiness, this limited the
amount of US we could confidently identify.



Reviewer 3

The study by Canavan & Margoliash thoroughly characterizes the sleep architecture in budgerigars. They
find that the sleep pattern in these birds is highly complex: The recorded animals show a lot of REM sleep
(more than reported in any mammal), sleep periods are extremely short, rapidly alternating and the brain
state is thus constantly changing on a time scale of 10s of seconds. Nevertheless these birds show a
distinct ultradian rhythm (~30 min oscillation). As the present study adds important data to our
understanding of sleep in birds and the evolutionary origins, it is highly significant and possibly explains
contradicting results from previous work on sleep in parrots. However, more careful analysis is required to
demonstrate that the defined sleep stages indeed represent distinct brain states and that the applied
criteria for sleep scoring thus correctly describe sleep in budgerigars.

Major Concerns

3.1

1. Comparison of the power spectra of the three scored sleep stages (SWS, IS, REM) in Fig. 4c shows
that the three states are quite similar in term of their frequency composition and questions to what extent
different manual scorers or automated algorithms (especially when relying on thresholds) will arrive at the
same results. Overall, the robustness of the presented data strongly depends on to what extent the
defined sleep stages correspond to distinct electrophysiological states. In case the different sleep stages
are not distinct, but rather lie along a continuum of slightly varying states, the scoring will likely depend on
the actual criteria of the manual/automatic classifier. To convincingly demonstrate that the defined stages
correspond to separate states that can be clearly determined either manually or automatically, the
authors should perform some form of clustering and/or dimensionality reduction analysis (e.g. PCA as
previously performed for zebra finches Low et

al., 2008).

We have addressed this point in several ways. First, we have altered Figure 4 to more
clearly display the power spectra and add context. We now included the averaged
power spectra of wake for context. We have also plotted each stage relative to either
wake or IS, allowing us to show the SEMs and all frequencies of interest on a single
plot. Furthermore, for the overall power spectra (Figure 4a-c) we have also more
aggressively removed epochs containing eye movement artifact, having found that such
artifacts contaminate the 0 — 1 Hz range.-Upon reviewing Kis et al, 2017 [75], we have
also slightly adjusted our normalization technique (Figure 4a-c) to use total power from
1 — 55 Hz rather than 0 — 55 Hz. Please note, these updated analyses changed by small
amounts many of the numerical values reported for the statistical tests but did not alter
the significance or lack thereof of any of the results.

Secondly, we have performed clustering analysis to automatically score sleep states,
based on a slightly modified version of the algorithm used in Low et al 2008. The
REM/NREM concordance found between manual and automated scores was very
similar to that reported in Low et al (the SWS/NSWS concordance was not possible in
the zebra finch study, as manual scores were limited to REM and NREM only). We
additionally plotted sleep epochs in spectral feature space and in principal component
space, replicating the patterns seen in zebra finch sleep (Figure 8).



Finally, we have clarified the language in the Discussion surrounding IS vs SWS: we
view these states as two ends of a continuum of SWA within NREM, similar to the way
in which human N2 and N3 are classified.

We thank the reviewer for the comment, which provided insight for us to improve the
paper.

3.2

2. The logic of sleep state transitions remains unclear. In other words, are their regularities in brain state
transitions or do brain states follow each other quite randomly?

The authors could calculate for example a Markov matrix or graph with nodes (states) and edges
(transition probabilities) showing how likely transitions between pairs of brain states are. For example can
REM sleep only be entered from SWS or also from IS. What stage typically follows REM sleep etc.?

We have added this suggested analysis, displayed in the form of both chord diagrams
and the transition matrix (Figure 3 e-h). The pattern of transitions across birds was quite
consistent; for example, transitions both into and out of REM were primarily through 1S.
We also show the REM latencies (time from sleep onset to REM onset) in Figure 9c,
underscoring the point that REM tended to occur later in sleep episodes. These provide
more insight and additional confidence in the results, here too prompted in response to
the reviewer comment.

3.3

3. The conclusion that sleep recordings under LL condition are similar to those in a previous study [23] is
only based on a single animal (“14.6% TST in one bird compared to 25.15%, an average across 4
animals, reported in [23]”). To draw this conclusion the authors should also include the remaining animals
(recorded under LL) into their analysis. According to Methods (p.36, Il. 725-728) PSG data were recorded
for all three animals under LL. What are the TST and REM sleep percentages for all birds and how to
they compare those reported in [23]?

We have now scored video data from all 3 birds in LL, showing a significant reduction in
TST by nearly half (Figure 9b) and a considerable decrease in the duration of sleep
episodes, suggesting fragmentation (Figure 9c).

We have added spectral analyses of the LL sleep PSG data to objectively quantify
changes from LD to LL. This includes analyses of the SWA (Figure 9f-g) and nPeaks,
which measures high frequency activity that is typically associated with REM (Figure 9h-

i).



3.4

4. Does the analysis for the recordings under LL (data shown in Fig. 3 and values reported on p.13, Il.
255-260) also include PSG recordings or only video monitoring? The results in Fig. 3 and p. 13 are
intended to resolve a conflict with a previous study [23]. In case, only video analysis was performed the
authors have to validate that video analysis provides similar results as sleep scoring based on
EEG/EMG/EOG.

We agree this is an important point, thank you for the comment. Video was the primary
means of distinguishing wake from sleep, as birds do not show a clear alpha rhythm.
Thus, during PSG scoring only a small number of drowsy epochs (2.88% + 0.57%) were
changed to sleep and conversely, only a small number of sleep epochs were re-
classified as drowsy (2.64% + 0.51%). The overall TST scored by video was very similar
to TST scored by PSG (video, 47.09% = 2.71%; PSG, 47.35% =+ 2.67%). Video TST
was higher than PSG TST in 2 birds and lower in 3 birds, for an absolute average
change of 1.45% + 0.38% in TST per bird. We have added these values to the Results
under “Effects of constant light”.

3.5
5. Do the ultradian rhythms (Fig. 6), at least to some extent organize, the expression of NREM and REM.
E.g. does REM (or other states) occur at a particular phase of the (1 min) rhythm.

We have incorporated this analysis into the paper (Figure 6e-g; examples in 6b). We
now show that the fast rhythm (~60 s) separates REM and NREM, while the slow
rhythm (~30 min) separates all three stages with REM at the peak and SWS at the
trough.

Minor Concerns

3.6
Fig. 1
Why does the number of EEG channels in h,i differ from that in the other subfigures?

For Figure 1 b-g, we showed data from one bird to allow for the clearest comparison
between different wake/sleep states. The data in Figure 1h and 1i are additional
examples from a different bird. In addition to the specific phenomena displayed in 1h-i,
we wished to provide a second example of REM, IS and SWS, allowing comparison of
sleep states across two individuals. The bird in Figures h-i happened to have more
artifact-free EEG channels. We now state this in the figure legend. Showing all the
channels we analyzed for a given bird better represents graphically the data we worked
with, while avoiding generating unwarranted concerns about cherry picking which traces
we choose to display.



3.7
Fig. 2e,f,g
Please connect the dots with lines to show which data points belong to the same animal

We have now added lines in greyscale to (Figure 2c and e-g), with different shades
corresponding to individual birds. These colors have now been carried throughout
subsequent figures (e.g. Figures 3, 6, 9). This should allow the reader to follow a single
individual across multiple plots.

3.8

Fig. 4

Add bar plots representing frequency of sleep state episodes to more thoroughly represent sleep
architecture.

These have been added as Figures 3c-d.

3.9
p. 4,1 64
“)” missing

Done.

3.10

p. 19, Il. 400-401

“Eye movement content during REM was distributed broadly with a pronounced peak at 0.”
What means “peak at 0” in this context?

By “peak at 0” we meant that the largest number of REM epochs had no eye movement.
We have reworded this awkward language.

3.11

p. 12, lines 237 - 240

“For the one bird (a male) where we conducted manual video scoring (Figure 3a), this revealed 14.6%
TST in LL; this bird had 38.8% TST at baseline. This is consistent with the difference in TST between
previous work in LL (25.15% of time) [23] and our study in LD (47.35% + 6.68% of recording time).”
What means “at baseline” in “38.8% TST at baseline”? How does the value compare to the value 47.35%
reported in line 2407 Is this an average across all birds?

We have clarified that “baseline” refers to the data collected in normal LD conditions.
This section has changed significantly as we have added extra birds to the LL analysis,
following the reviewer’s earlier suggestion. The values reported are now as the mean +
SEM, specifically for the 3 birds analyzed in both LD and LL. These 3 birds averaged a
TST of 44.7% in LD conditions. This was very close to the overall 47.35% TST
measured across all five birds.



3.12

p. 13, Il. 259-260

“For this reason, we chose to analyze the other LL birds with automated methods”

What means “automated methods” in this context? Do these methods only automatically analyze videos
or are they only/also based on PSG data?

We had originally conducted automated motion data on the video data, but have now
added automated PSG analysis of spectral charateristics (Figure 9f-i), following the
reviewer’s suggestions above. We have clarified the wording of this section to reflect
this.

3.13

p. 13, Il. 266-267

“The response to constant light was somewhat individualized; for example, one bird (Bird 3) showed signs
of free-running during the first few days of LL”

How did the other birds behave making their behavior individual?

We have added a short description of the other two LL birds, clarifying that free-running
was less apparent in Birds 2 and 4, and commenting on other idiosyncratic reactions
e.g. hyperactivity in Bird 2. We also show the behavioral scores of all three birds in LD
vs LL day 8, as Figure S3.

3.14

p. 15, 1. 301-302

“The duration of NREM episodes reached a peak in the second hour of the night...“
Is this peak statistically significant?

We applied the regression analysis from Figure 2d to Figures 3a-d in order to test for a
significant change in the durations and frequencies of each sleep stage across the
night. We have also added a figure showing the hourly TST average (Figure 4d). Birds
tended to spend more time awake in the first hour of the night, then sleeping more
consistently starting in hour 2. Comparing this to Figure 2d, this suggests this TST
increase, along with the low %REM in hour 2, is responsible for the peak in NREM
episode duration.

3.15
Fig. 3a
How does the shown video scoring compare with scoring based on PSG data?

Because the video was our primary means of distinguishing sleep from wake, in general
the scoring changed very little during subsequent PSG scoring. We have added a



section to the results reporting on the epochs that differed between video and PSG
scoring; for details see above response to comment #4.

3.16
p.15, . 303
(Figure 3b) -> (Figure 4b)

Done.

3.17
Fig. 4D
Why negative Zeitgeber times?

We have changed the labeling to positive Zeitgeber times to maintain consistency
across figures.

3.18

p. 16, Il 333-334

“We conclude that budgerigars exhibit extensive REM episodes characterized by a prevalence of high
frequency peaks.”

How much does REM differ from Wake using delta and gamma power?

We have added spectral analysis of quiet wakefulness, comparing it with REM, IS and
SWS (Figure 4 a-c; Figure S2a). In general wake is very similar to REM in the delta and
gamma bands, but has higher power on average in the 4 — 16 Hz band.

3.19

p. 16, I. 335

“Spectral analyses confirm our manual classification of mixed-frequency IS interspersed with low-
frequency SWS.”

Points for IS and SWS largely overlap along the y-axis in Fig. 4d. A more thorough analysis (see
comments above) is required to establish that IS and SWS correspond to two distinct states. For
example, is the distribution of delta and/or gamma power bimodal with the two modes corresponding to IS
and SWS?

We have added histograms showing the distribution of the points in this figure (now
Figure 5a), as well as a summary figure of the average distributions of delta and the
number of peaks (a measure similar to gamma, but independent of spectral analysis)
across the three sleep states in all five birds (Figure 4f-g).



3.20
p. 17, ll. 364-365
“Eye movements were detected as the anticorrelation of the left and right EOGs (Figure 5¢)” -> Figure 5d

Done.

3.21

Fig. 6a

The 34 min oscillation is obvious and convincing in the example gamma/delta data. But the 1min and
especially 10s oscillation is hard to see. The authors could show a zoom-in to make these faster
oscillations more obvious and/or show that a powerspectrum of the gamma/delta signal has peaks at
frequencies 1/60 and 1/10 Hz.

We agree it would be useful to see the faster rhythm, which is not visible in Fig 6a. We
have added plots of the 10-s moving average at two different times of night,
demonstrating the ~60s oscillation (Figure 6b).

3.22

p.18, 1. 378

“reported in some other animals [50,51]”

Another example for a slow rhythm in mammals:

Lecci et al., “Coordinated Infraslow Neural and Cardiac Oscillations Mark Fragility and Offline Periods in
Mammalian Sleep.” Science Advances 3, no. 2 (2017). https.//doi.org/10.1126/sciadv.1602026.

We thank the reviewer for the helpful reference; it has been added to the paper.

3.23

p. 23, 1. 482

“Perhaps under normal LD, parrots on average exhibit a great deal of REM.”
parakeets in this context, instead of parrots?

Done.
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